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Diphtheritic  paralysis,  a  well recognized and  ominous complication of diphtheria 
in man, has been the object of only sporadic investigation in the experimental ani- 
mal. Since the monumental early study of Dreyer (1) no definitive investigation has 
appeared  bearing  on  either  the  morphologic characteristics  or  the  mechanism  of 
disease  of  this  type. The  studies  which  have  appeared  have  usually  had  as  their 
primary objectives the investigation of the optimum conditions for production of the 
experimental disease  or the determination of its principal manifestations. 
A  number  of  aspects  of  diphtheritic  paralysis  render  it  a  challenging  problem 
worthy  of further  investigation.  First  is  its  unexplained  occurrence long after  the 
original  diphtheria  infection  has  subsided,  usually  with  a  symptom-free  interval 
between.  This latent  period has  suggested that  an  immunologic mechanism  might 
underlie  the production of the neurologic lesions  (discussed in reference 2).  Second 
is its similarity to the so called "infectious" or Landry-Guillain-Barr~ type of poly- 
neuritis,  which has also been suspected of being immunological (3).  Third,  and not 
its least interesting facet, is the fact brought out in recent careful histologic studies 
that the basic change in diphtheritic neuritis appears to be a  demyelinative lesion of 
the peripheral nervous system, affecting the axis cylinder little or not at all and un- 
accompanied by inflammation  (2,  4, 5).  Lastly, since paralysis can be readily pro- 
duced in experimental animals with the use of purified diphtheria  toxin, the experi- 
mental disease would appear especially suited to immunologic or other types of in- 
vestigation.  Moreover,  the  recent description  of an inflammatory type of polyneu- 
riffs  produced  experimentally  by  immunologic means  (6,  7)  provides  us  with  an 
appropriate  model with which experimental  diphtheritic  polyneuritis  may be  com- 
pared. 
It is our purpose in the present report to record the first results of an inves- 
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tigation  of experimental  diphtheritic  paralysis  in  the  rabbit  and  guinea  pig. 
The  general  characteristics  and  the  histopathologic  changes  are  described  in 
detail  and  compared  with  those  of experimental allergic neuritis  in these  two 
species as well as with diphtheritic  and  "infectious"  polyneuritls  in man.  The 
results  of experiments  directed  at detecting  a  possible  immunologic  basis  for 
this disease are also reported in detail. 
The early history of the study of diphtheritic neuritis in the experimental animal 
has been  thoroughly reviewed by Dreyer  (1)  and  Uhry  (8)  and  only a  few of the 
landmarks will be mentioned here.  In the decade following Roux and Yersin's dis- 
covery of diphtheria  toxin  in  1888,  a  number  of French  and  German  workers  in- 
vestigated the production of experimental paralysis in various animals with the use 
of cultures  of the  diphtheria  bacillus  and  occasionally with  toxin  alone.  The  first 
systematic studies of experimental diphtheritic  neuritis were carried out in  1897 by 
Ehrlich  (9)  and  by  Madsen  (10),  who  used  incompletely  neutralized  mixtures  of 
toxin and antitoxin  to produce disease in rabbits, guinea pigs, and horses. They at- 
tributed  the effectiveness of this type of inoculation to epitoxoid or toxone, a  hypo- 
thetical  fraction  of the  toxin,  tending  to remain  unneutralized  in  their  toxin-anti- 
toxin  mixtures  and  possessing neurotropic  properties.  They clearly showed  the re- 
tionship  between  the  injected  dose  of toxin-antitoxin  mixture  and  the  severity of 
resulting  disease  and  its  day  of  onset.  Dreyer,  in  Madsen's  laboratory,  extended 
these investigations (1, 11) and provided a description of the clinical and histological 
features  of the  disease,  particularly  in guinea pigs, which can hardly  be improved 
on today. Ransom in  1900 showed that the disease could be readily produced with 
toxin  alone  (12).  Ramon  30  years later  demonstrated  that  the  various properties 
attributed  by Ehrlich  to  different molecules with  such  names as  toxone,  protoxin, 
deuterotoxin,  protoxoid,  syntoxoid,  or epitoxoid,  are functions  of a  single molecule 
(13,  14); dose alone appeared to determine the phenomena produced by toxin in the 
experimental animal. In this 30 year interval little significant work was done on the 
nature  of diphtheritic  paralysis. In  1933-34,  a  thorough  study of the experimental 
disease was carried  out by Uhry,  working with Debr~,  Ramon,  and  Lhermitte  (8, 
15,  16) but it added nothing substantially new to the findings of the earlier workers. 
More recent studies  have  confirmed the  relationship  between  dose and  severity 
of disease already mentioned  and  have concerned  themselves with such  additional 
points as the effects of repeated injections of toxin,  the relationship of disease pro- 
duction  to  the presence of antitoxin,  and  the  results obtained by modifications  in 
the  technique  of producing  the disease  (17-22).  Uhry and  his colleagues used par- 
tially formolized toxin to produce paralysis, and other studies have been carried out 
with  toxin partially "toxoided" in  this  manner  (17, 22)  or by treatment with heat, 
alkali, or other agents (17,  18, 21). Other workers have used toxin alone in sublethal 
doses (12,  13,  17,  19, 23, 24), toxin-antitoxin mixtures  (1, 9,  10),  or toxin injections 
followed after a  suitable  interval by antitoxin  (11,  17,  23).  A  variety of mammals 
have been successfully used to study paralysis including  dogs  (8),  rabbits  (1,  8, 9, 
22, 24), guinea pigs (1, 8, 9, 10, 12, 17), hamsters (18), and horses (1, 10), also birds, 
in particular chickens (19, 23), and a number of cold blooded animals (25, 26). 
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characteristics of diphtheritic paralysis either in man or in animals. The literature 
contains statements to the effect  that no lesions at all are found in the peripheral 
nervous system (27),  that the primary damage occurs  in the central nervous system 
with only secondary changes in the peripheral nerves (see  Rainy (28)),  or finally 
that  the  toxin affects  the peripheral nervous system directly, involving primarily 
the myelin (1, 25, 29),  the axis cylinders (8), or both (3,  15). Much of this disagree- 
ment results from the failure of earlier workers to distinguish changes in the nervous 
system associated with the early general effects of toxin from true diphtheritic paral- 
ysis, which always occurs late  (see e.g.  reference 30).  There was also, especially in 
early studies of the disease in man, a  tendency to confuse postmartem changes with 
the lesions of  the disease.  The pathologic abnormality which we believe to be the 
basic lesion of diphtheritic paralysis was actually seen by Crocq in 1895 (29)  and 
by Courmont et al.  in 1896 (25),  and was fully and correctly described by Dreyer 
(1). He found in guinea pigs that the central nervous system, spinal roots, and sen- 
sory ganglia appeared normal, while all the peripheral nerves showed marked myelin 
destruction with preservation of axis cylinders and an absence of signs of inflamma- 
tion. In man, studies since the second world war have provided a  similar picture of 
diphtheritic paralysis as a primary demyelination of the peripheral nervous system 
but involving the spinal ganglia and roots to a greater extent than the nerves (2, 4, 
5). It is noteworthy from the point of view of our studies that nearly all the early 
histopathologic descriptions, such as those of Dreyer and of Uhry and his colleagues, 
were based on the study of guinea pig material. The rabbit, to which we have given 
equal attention, is so much more sensitive than the guinea pig to the acute effects 
of  diphtheria toxin that diphtheritic neuritis has only recently been adequately in- 
vestigated in this animal (22) and never from the histological standpoint. 
Methods 
Animals.--Female New Zealand albino rabbits,  obtained from two different sources and 
weighing 2.0 to 3.0 kg. at the time of injection, were used in these experiments. They were kept 
in groups of 10 in large bins and fed Purina rabbit chow. The guinea pigs used in our experi- 
ments were of mixed stock. Females were usually employed weighing between 330 and 400 
gm. at the time of injection. They were kept in groups of 5 in roomy cages, were fed Purina 
rabbit chow, water ad lib., and fresh greens daily. 
Toxin-Antitoxin  lnjections.--Stasldardized  diphtheria toxin and antitoxin  were very kindly 
provided by the Massachusetts State Antitoxin and Vaccine Laboratories. 1 Two crude toxin 
preparations  (Nos. 83G and 83M) containing 110 and 115 Lf per ml. and a horse antitoxin 
(No. 437) containing 4500 antitoxin units per ml. were employed. Mixtures of toxin and anti- 
toxin containing a slight excess of toxin were injected intravenously in rabbits and subcutane- 
ously over the flank in guinea pigs. The actual doses used are indicated in the tables. 
Irradiation2.--In  two experiments, groups of rabbits were subjected to whole body irradi- 
ation. Two rabbits were irradiated at a time in wooden boxes at about 157 cm. from the target 
to the center of the rabbits. The field area was 40 x 40 cm. and the boxes were turned 180  ° once 
during the irradiation. The x-ray machine was operated at 2100 kv., with a target current of 
1 We are very grateful to Dr. Harry E. Bowen and Louise Wyman for the gift of these 
materials. 
It is a pleasure to acknowledge the kind assistance of Dr. Kenneth Wright of the Massa- 
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250 microamperes and an intrinsic filtration equivalent of 6.8  ram. of lead. The half-value 
layer of the beam was 7.2 ram. of lead. Radiation was measured by a Victoreen meter with a 
25 r thimble chamber and 4 ram. wall lucite cap, and the administered dose was monitored by 
an integrating dose meter circuit. 
Serological  Tests.--At  various times in the rabbit experiments involving irradiation, all 
irradiated and control rabbits were bled from the heart. Total white counts and smears for 
differential counts were made on the freshly drawn blood, which was then allowed to clot and 
to stand overnight at 4°C. The separated serum was kept without preservative at  -20°C. 
and used for the following  tests after the conclusion of the experiment. When first thawed, 
the serum was immediately employed for estimations of quantitative complement levels. For 
this purpose the technique of Janeway's group (31) was followed, except that a veronal buffer 
containing optimum amounts of Ca  ++ and Mg  ++ was used for all dilutions. Titers are expressed 
as the number of 50 per cent hemolytic units contained in 1 ml. of the test serum. In these 
titrations, all serum samples from a given rabbit and from its matched control (i.e. the unir- 
radiated rabbit which had received the same dose of toxin-antitoxin mixture) were run simul- 
taneously. Thus possible differences  in technique in runs on different days would not be respon- 
sible for apparent differences in the complement levels of individual animals or between the 
levels in irradiated and control rabbits. The serum was then titrated for antitoxin content 
by the standard rabbit skin technique (32). Mixtures of serial serum dilutions with a standard 
amount of toxin were injected intradermally into two rabbits and the reactions were read at 
12 hours. When different endpoints were obtained in the two tests, the serum was titrated 
again in two more animals. Finally all sara were inactivated and tested for the presence of 
complement-fixing  antibody against 0.1 per cent suspensions of rabbit nerve and rabbit spinal 
cord with the method of Lumsden et al.  (33).  Complete serum and antigen controls were in- 
cluded in all titrations. Several sera containing high titers of antitoxin were also tested for 
antibody to horse serum, both by precipitin tests with undiluted serum and serial dilutions of 
normal horse serum as antigen and by complement fixation tests with serial serum dilutions 
and 0.2 per cent horse serum as antigen. 
Skin Tests.--Immediately following the test bleedings, all rabbits in the irradiation experi- 
ments were tested by the intradermal injection of purified diphtheria toxoid (No. PT 28 of the 
Massachusetts State Antitoxin and Vaccine Laboratoriesa), freshly diluted to contain 3.05, 
0.305, and 0.0305 t~g. of toxoid N in 0.I ml, and of 15 per cent rabbit sciatic nerve, freed of  fat 
and connective tissue, finely suspended in isotonic saline containing merthiolate 1:10,000, 
and stored at --20°C. All test sites were examined within 30 minutes and again at 24, 48, and 
72 hours for the presence of edema, erythema, induration, and necrosis. The  diameters of 
reactions were recorded in millimeters and the thickness was graded  on  a  +  -  ++++ 
scale. 
Cerebrospinal  Flu/ds.--Cisternal puncture was carried out on all rabbits immediately fol- 
lowing sacrifice and in a few instances during the observation period of the experiment under 
nembutal and ether anesthesia. Total protein in the fluid was estimated nephelometrically 
after precipitation  with sulfosalicylic acid (34), and the white cells counted in the usual manner. 
Postmortem Observations.--Rabbits were killed by air embolism and guinea pigs by an over- 
dose of intraperitoueal nembutal at various intervals following the onset of disease or at the 
conclusion of the experiments, usually 6 to 8 weeks from the time of inoculation. Also a number 
of animals were studied which died early from acute toxic effects of the inoculation. In all 
instances the spinal cord, spinal nerve roots, and sensory ganglia, together with the sciatic 
and brachial nerves from one or both sides, were removed. In all earlier experiments the brain, 
brain stem, and cerebellum were taken as well.  After formalin fixation, these tissues were 
stained either by the hematoxylin and eosin technique or by the oil-red-O  (ORO) hematoxylin 
technique for myelin and fat. Some tissues were set aside for fixation and staining with osmic 
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tional sections from selected tissues were stained with the Loyez technique  (for myelin) and 
the Bodian or Glees methods  (for axis cylinders). 
RESULTS 
Methods  of Producing  Diphtheritic  Paralysis.--A  number of techniques used 
by other workers were successful in our hands in the production of diPhtheritic 
paralysis in the rabbit and guinea pig. However, the only method which seemed 
to give reproducible  and fairly uniform  results  was the  injection of mixtures 
of toxin  and  antitoxin,  first  introduced  by Ehrlich  (9).  Table  I  summarizes 
TABLE I 
Severity of Diphtheritic Neuritis in Rabbits in Relation to Injected  Toxin-Antitoxin Dose 
Dose of 
toxln-anu~oxlil ~ 
ml. 
2  7 
3  5 
4  5 
5  5 
['otal.  31 
Average day of onset. 
5 
No. with diphtheritic neuritis$ 
+i  ++ 
4 
2 
1 
1 
No. of rabbits 
I  0 
3 
3 
1 
29 
8 
20 
+++ 
1 
1 
2 
15 
Early toxic 
death 
1 
2 
3 
3 
* 4.18 units antitoxin  +  4.38-4.44 Lf toxin in 5 ml., mixed and incubated  30 minutes at 
20°C., then diluted  1:20.  Table  does not include  29 animals  injected  with mixtures  con- 
taining less toxin, of which half developed +  disease, or 25 injected with mixtures containing 
more toxin, all of which died in less than 3 days. 
~; Estimates  of disease severity  based on histologic study of representative  sections from 
each  animal. 
§ Includes  animals  with no histologically  identified  lesion but with cerebrospinal  fluid 
containing more than 50 mg. per cent protein or 15 cells. 
our findings in rabbits.  The injected mixture presumably contained consider- 
ably less than 0.002 Lf of free toxin per mh As this represents  approximately 
5 X  101° molecules of toxin, it is apparent that an extraordinarily small amount 
of toxin  is  effective in  producing  disease.  If the  toxin  affects  the  peripheral 
nervous system directly, since the latter represents at most 0.1 per cent of the 
total body weight, the effective number of molecules may well be far less. The 
table  brings  out  clearly  the  relationship  of the  dose  injected  to  the  severity 
of the resultant disease and to the day of its onset. 
In the guinea pig an essentially similar table can be drawn relating dose of 
toxin-antitoxin  mixture  to day of onset and  severity of disease.  However,  50 
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Signs of Illness.--The  picture  of diphtheritic  neuritis  was distinctly  differ- 
ent in  the rabbit and the guinea pig. In the former, the signs of illness asso- 
ciated with the acute effects of toxin (thinness, apathy, poor coat) lasted about 
a  week and were followed by a  symptom-free interval of days or even weeks 
before  the  appearance of a  mild  to  moderate  weakness  of all  4  extremities 
accompanied by some uncertainty of movement and gait (ataxia)  (Fig.  1).  At 
no  time was  there  complete paralysis,  loss  of sphincter  control,  or any dis- 
turbance of consciousness. Rabbits with this combination of symptoms resem- 
bled  animals with  very mild experimental allergic neuritis  (EAN)  but  never 
showed a degree of incapacity comparable to more severe cases of that disease. 
Mild diphtheritic neuritis was completely inapparent to an untrained observer. 
TABLE  1I 
Cerebrospinal Fluids in Rabbits with Diphtheritic Neuritis 
Disease category 
Normals 
No disease following inoculation with 
adjuvants 
No disease (histological) following in- 
jection of toxin-antitoxin* 
Mild diphtheritic neuritis$ 
Moderate or severe diphtheritic neuritis 
'luids  [  Total protein 
23  I17-53L  24  25 
94  14-55  31  29 
15  21-74 [  44  48 
[ 
13  30-135  64  54 
9  136-1031  73  78 
White cells 
Range  Mean  , 
1-38  7 
2-40  10 
3-27  11 
1--41  12 
2-35  15 
Median 
5 
8 
9 
8 
11 
* Includes animals in which disease was suspected clinically but not found post mortem. 
:[: Includes animals in which no symptoms were observed but typical histologic lesions 
were present. 
In the guinea  pig,  on  the  other hand,  the  symptom-free interval  was fre- 
quently absent, especially in animals receiving larger doses of toxin. It seemed 
as though  the mild illness present for several days following the  toxin injec- 
tion merged imperceptibly with  the onset of weakness.  In this species, while 
there may have been some disturbance  of coordination,  it  was masked by a 
progressive weakness of the  trunk  and  all  the  extremities.  The final  picture 
was  that  of almost  complete paralysis of  the  entire  musculature.  Sphincter 
control was, however, retained, and consciousness was unimpaired. Death due 
to respiratory paralysis was the usual outcome in this species. This symptom 
picture could be easily distinguished  from that of EAN in the guinea pig by 
the severity of the symptoms, the degree of motor involvement, and the rapidly 
progressive character of the disease. It differed quite strikingly from the pic- 
ture in  the rabbit.  As indicated  below,  there are clear cut differences in  the 
nature  and  distribution  of  the  lesions  in  the  two  disease  processes in  these 
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Cerebrospinal fluids were examined in a number of rabbits with diphtheritic 
neuritis.  The  findings are  summarized in Table  II  and  compared  with  the 
findings in normal rabbits and in rabbits given injections of various antigens 
with Freund's adjuvants without the production of nervous disease. In con- 
firmation of MiiUer's findings (22),  we found an elevation of protein without 
a  concomitant rise in cell count, "albumino-cytologic dissociation." There ap- 
pears to be a  correlation of the degree of protein increase with the intensity 
of the disease process as estimated histologically. A number of the fluids show- 
ing the characteristic abnormality were taken at times when no symptoms of 
disease  could  be  recognized.  In  diphtheria  patients  it  has  been  frequently 
reported that abnormal spinal fluid findings may appear before the onset of 
symptoms (35,  36).  The protein elevation in our most severely diseased ani- 
mals was far less than that found in EAN of the rabbit (6). 
Histopathologic Observations.--The  primary histologic lesion appeared to be 
a  breakdown of myelin in the spinal roots and ganglia of the rabbit and in 
the peripheral nerves of the guinea pig. The myelin in these areas underwent 
a series of changes very similar to those of Wallerian degeneration, first break- 
ing up into ovoids of irregular size and shape, then into progressively smaller 
particles which at times produced a coarsely granular appearance. In the later 
stages of this process  the myelin fragments were taken up by macrophages. 
Affected fibers were often swollen, sometimes to more than twice their normal 
diameter. The ovoids at first stained like intact myelin, but shortly took a 
positive Marchi stain and after ingestion by  the macrophages reacted with 
ordinary fat stains (oil-red-O)  to give the typical appearance of fatty macro- 
phages. In the guinea pig, as has already been noted in our observations of 
the lesions of another disease of the peripheral nervous system (7),  the fatty 
breakdown products of myelin at no time gave a  true red color with the oil- 
red-O hematoxylin but rather a  dull yellowish-brown color. 
In Text-fig. 1 are drawings of a number of changes actually seen in our ma- 
terial, which suggest different mechanisms whereby the physical disruption of the 
myelin may begin. Some of these changes are illustrated in Figs. 2 to 4, 7 to 9, 
and 11. In many cases,  there was a widening of the space at the node of Ran- 
vier with the splitting off of one or more irregularly shaped fragments from 
the myelin segments on one side of the node, or sometimes from the segments 
on both  sides.  With more  complete breakdown,  these large  fragments were 
subdivided into smaller, usually round globules; and more of the segment be- 
came involved in the process.  At a later stage, the entire sheath for a distance 
of  several  segments  was  replaced  by  macrophages  containing fragments  of 
different sizes. The process less frequently appeared to begin  with  the  sepa- 
rating off of small ovoids from the myelin in  parts of the segments remote 
from the node. 
This breakdown of myelin could be differentiated from Wallerian degenera- 598  DIPHTHERITIC POLYNEURITIS.  I 
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Tr2er-Fm.  1. Types of breakdown of the myelin sheath  seen in guinea pig nerves with 
diphtheritic  polyneuritis,  a, normal node of Ranvier; b-g, changes starting at  or near  the 
node; h-j, changes in other parts of the myelin segment. 
Recognizable with myelin stains (osmic acid, Loyez) : All changes shown. 
Recognizable with fat stains  (oil-red-O): 0nly intracellular  fat droplets, perhaps some of 
these shown in line g. 
tion by several peculiarities.  Careful study revealed that in a single area where 
individual fibers could be traced for some distance,  fibers could be found un- 
dergoing degeneration  in  a  distal  direction  from normal-appearing  segments 
while others were degenerating in the reverse direction. In many fibers it was 
perfectly clear that only one or a  few segments were undergoing breakdown, 
the  remainder  of  the  myelin  sheath  being  intact.  Also,  as  will  be  seen,  the 
axis cylinders were largely spared  and there was no axonal reaction. 
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severely diseased animals, in which all the fibers were involved. Normal myelin 
sheaths  could  be  seen  immediately  adjacent  to  degenerating  fibers.  Quite 
different proportions of the nerve fibers were affected in different regions of 
the  same  nerve or root.  Thus,  the  change  could be described as  a  patchy, 
segmental breakdown of myelin. It seemed to affect fibers of different sizes. 
It  is  clear  that  both  sensory and  motor fibers were  involved,  since  lesions 
were seen in both the sensory root and ganglion and in the anterior root, par- 
ticularly in the rabbit. There was no difference in the degree of involvement 
of proximal and distal portions of the nerve (see e.g.  Figs.  10 and 11). 
There was no evidence of primary destruction of axis cylinders. Character- 
istic  "digestion  chambers"  were  not  found.  The  axis  cylinders  were  some- 
TABLE III 
Distribution of Lesions of Diphtheritic Neuritis  in the Rabbit and Guinea Pig; Comparison 
with the Distribution Found in Man 
Species 
Man~ .......................... 
Rabbit ......................... 
Guinea pig ...................... 
Presence of histologic  lesions  in: 
Central nervous 
system* 
Spinal  roots and 
ganglia 
+++ 
++ 
+ 
Peripheral nerves 
+ 
0 
+++ 
* Includes brain, brain stem, spinal cord, optic nerves, and meninges. 
Conclusion from data of Fisher and Adams (5). 
times altered but always much less  severely than  the myelin. The study of 
adjacent sections of the same area of a diseased nerve, root, or ganglion with 
myelin and axis  cylinder stains  (as  shown  in  Figs.  10 and  11)  best  demon- 
strated  this  remarkable difference between  axis  cylinder and  myelin sheath 
involvement. In  sections stained  for both fat and axis  cylinders, many nor- 
mal looking axons were found bare of myelin and surrounded by macrophages 
containing droplets of fat. In severely diseased areas, a few scattered tortuous 
or swollen axons were usually found (Fig. 4 C); they frequently appeared to 
have been pushed aside or otherwise distorted by the presence of the macro- 
phages participating in the myelin breakdown. We were unable  to find any 
satisfactory example of axonal reaction in the anterior horn cells or the nerve 
cells of the  sensory ganglia,  nor did  these ceils show any other change sug- 
gestive of damage. 
The myelin breakdown was unaccompanied by any inflammatory reaction 
and failed to show a  relationship to blood vessels like that seen in EAN. An 
increased cellularity of the affected regions was regularly observed. This was 
due almost entirely to the presence of large numbers of histiocytes and macro- 600  DIPHTHERITIC  POLYNEURrrIs.  I 
phages which were in  the process of phagocytizing the degenerating myelin. 
In places  there was  also  evidence of multiplication of Schwann cells in  the 
nerve lesions and of satellite cells in ganglion lesions. The disease was not fol- 
lowed long enough to permit statements regarding the late changes and the 
process of repair. 
The distribution of the lesions in the two species investigated was strikingly 
different. In  the  rabbit,  the  most marked  change occurred in  the  posterior 
spinal  root  at  the  point  of its  junction  with  the  sensory ganglion.  Myelin 
breakdown also occurred diffusely throughout the ganglion and to a very lira- 
TABLE IV 
E~ec~ of Irradiation  on t];e Production of Diplgheritic Neuritls 
Diphtheritic neuritis  No. of rabbits with disease 
Experiment 1  Experiment 2 
Histologic severity 
o 
+ 
++ 
+++ 
Average onset 
22 
16 
14 
Total  with  disease .............. 
Early toxic death.  6 
Irradiated  Controls 
3  3 
2  0 
2  3 
2  3 
1  1 
7/i0  7/i0 
4  1 
Irradiated  Controls 
5  3 
3  1 
4  9 
0  0 
0  0 
7/i2  10/13 
1  0 
ited degree (one or two fibers at most) in the anterior root. In the peripheral 
nerve, isolated fibers showed a  similar picture of myelin breakdown; but this 
finding was not regarded as part of the disease picture because of its regular 
presence in controls. In the guinea pig, on the other hand, massive lesions of 
the  type described were found  throughout  the  peripheral  nerves,  while  the 
roots and ganglia remained almost free of disease. A few lesions were seen here 
in the most severe cases. In Table III these findings are compared with those 
of diphtheritic neuritis in man (5). It is apparent that the distribution of the 
lesions in the human disease is intermediate between those of the two animal 
species, but much closer to the distribution found in the rabbit. 
The  central  nervous  system  was  entirely normal  in  all  our  experimental 
animals.  There was  no meningeal or other inflammatory lesion at any level 
of the cord or brainstem nor in the cerebral or cerebellar cortex. 
The viscera and skeletal muscles of these animals were not studied. 
As control material for these studies, we examined the central and peripheral 
nervous systems of rabbits and guinea pigs with experimental allergic enceph- 
alomyelitis and neuritis and of normals.  Our findings have been described in B.  H.  WAKSMAN, R.  D.  ADA~IS, AND  If.  C.  M.A.NSMANN, JR.  601 
detail elsewhere (7). A  Wallerian type of degeneration of single fibers in the 
peripheral nerve was  found in  4  of 30  normal  rabbits.  Focal inflammatory 
lesions, apparently caused by EncephalitoziJon cuniculi,  were seen in the nerves 
of 2 animals of this group. Since then, another 20 untreated rabbits have been 
examined: 3 showed Wallerian change and 2 focal lesions of the type we have 
attributed  to Encephalito~.iion (one of  these  2  also  showed  small  focal infil- 
trates in the spinal ganglia). None of these changes can be confused with the 
sions described  in the present  report. Four of  the 67  rabbits  in our experi- 
mental  group  presented  focal  lesions  of  the  nerve  associated  with  typical 
Encephalitozi~on lesions elsewhere in the nervous system, an incidence compara- 
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TExT-FIG. 2. Effect of irradiation and toxin-antitoxin on white blood cell levels. 
ble to that found in the control series. Of 19 control guinea pigs examined to 
date, 2 sho.wed a few ovoids in the peripheral nerve, 2 showed minimal cellu- 
lar infiltration in the ganglia, and 5 focal collections of histiocytes and lympho- 
cytes in the perineurium and epineurium. The presence of polymorphonuclear 
leucocytes in the epineurium was regarded as an agonal change. To rule out 
the possibility that some physical breakdown of myelin may occur, as a rapid 
postmortem change and give the appearance of lesions similar  to those we are 
atrributing to the toxin injections, we removed nervous tissue from diseased 
rabbits and guinea pigs under nembutal anesthesia  and fixed it immediately 
in  buffered osmic  acid.  The changes  observed were  identical with  those  al- 
ready described. 
It was possible to grade the severity of the lesions observed histologically 
on the basis  of the relative proportion of the nerve fibers in the usually in- 
volved area which showed disease.  This histologic grade proved to be corre- 
lated  approximately with  the  severity of disease  estimated  on  the  basis  of 602  BIPttTItERITIC  POLYNEURITIS.  I 
antemortem  symptomatology,  degree  of  elevation  of  cerebrospinal  fluid  pro- 
tein, and day of disease onset. 
Effect of Irradiation  on Production  of Disease.--Two  experiments were car- 
ried out in which a  test group of rabbits was given 400 r of whole body irradi- 
ation, enough to suppress partially or completely various types of immunologic 
responses. Groups of 2 or 3 irradiated animals and groups of matched controls 
were injected with each of five different doses of toxin-antitoxin mixtures. In 
Experiment  1 a  mixture was used  which  contained  more toxin  than than in 
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TExT-Fzo. 3. Effect of irradition on antitoxin response. 
Experiment 2.  The irradiation had no effect on the number of rabbits devel- 
oping neuritis, on the intensity of the resultant disease, or on its day of onset 
(Table IV). It did seem to render  the animals more susceptible to the acute 
effects of toxin. 
The  effect of  irradiation  on  the  circulating  leucocytes  is  shown  in  Text- 
fig. 2. The total circulating polymorphonuclear count is reduced to about half 
the control value, while the lymphocyte level is depressed even further. These 
low values were still present at  the  time of disease onset in  the more severe 
cases of neuritis.  No  clear pattern  of leucocyte response either  to  the  toxin 
injection or to the production of disease was found in these two experiments. 
Immunological  Changes in Animals with Neuritis.--In Text-figs. 3 and 4 are 
shown the individual antitoxin responses in the two experiments involving ir- 
radiation.  There is nothing  in  the individual  or over-all responses to suggest 
any relationship  of antitoxin  production  to  disease.  In  complement fixation B.  IT.  WAKSMAN,  R.  D.  ADAMS,  AND  H.  C.  MANSNANN,  JR.  603 
tests with 0.2 per cent horse serum as antigen, a  few sera showed evidence of 
fixation, but only when undiluted.  Precipitin tests of these sera with various 
dilutions  of  horse  serum  were  negative  as  were  complement  fixations  with 
rabbit nerve and spinal cord. 
Quantitative  complement levels were  followed  in  all  the  animals  of these 
two experiments (Text-figs. 5  and 6). There was no clear cut effect of irradi- 
ation on the complement levels, nor was the appearance of neuritis associated 
with a  fall in complement comparable to that seen in anaphylaxis or in serum 
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disease. In the first experiment, there appeared to be some elevation of com- 
plement titers in the weeks immediately following the injection of toxin,  but 
there are too few data to permit the evaluation of this finding. 
We  observed  skin  reactions  to  diphtheria  toxoid  in  some  of  the  animals 
given  toxin-antitoxin  mixtures.  These  were  edematous  swellings  with  faint 
erythema, maximal at 24 hours but still present and somewhat more indurated 
at  48  hours.  They never showed necrosis,  but  the  largest  amount  of toxoid 
injected contained only 3/~g. of toxoid N. The relation of this skin reactivity 
to  the  production  of diphtheritic  neuritis  and  to  the  effect of irradiation  is 
shown in Table V.  Positive reactions to toxoid were found in animals which 
did not develop neuritis  as well as in  those which  did.  Fewer reactions were 
seen among the irradiated animals; in this respect the skin reactivity was like 604  DIPHTHERITIC  POLYNEURITIS.  I 
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the  antitoxin  response and  unlike  the  neuritis.  In  the  second  experiment in 
which a  toxin-antitoxin mixture closer to neutrality was injected, much larger 
reactions  were  observed  than  in  the  first.  The reactivity  elicited  by  toxoid 
was maximal well before the peak antitoxin  response.  Similar reactions to a ]3.  H.  WAKSMAN~  R.  D.  ADAMS,  AND  It.  C.  MANSMANN,  JR.  605 
saline suspension of rabbit sciatic nerve were observed in some of the animals 
in these two experiments. These were much smaller than the toxoid reactions, 
were maximal between  1 and 2 weeks following the inoculation, i.e.,  well be- 
fore the appearance of measurable amounts of antitoxin and before the onset 
of neuritis.  This reactivity also appeared  in  animals  which  did  not  develop 
disease, and was partially suppressed by irradiation. 
TABLE  V 
Ddayed Skin Reactivity to Diphtheria Toxoid in Rabbits with Diphtheritic Neuritis 
Diphtheritic neuritis 
Histologic severity  Average onset 
Irradiated 
0  --  0 
4-  --  0 
+  22  1 
++  16  0 
+++  14  1 
Total positive skin reactions  .....  2/10 
Day of maximal skin response*..  19 
Size of maximal skin response...  54--12++ 
No. of rabbits reacting to toxoid 
Experiment  1  Experiment 2 
Controls  Irradiated  Controls 
1 
0 
2 
3 
1 
7/10  4/12  9/13 
19  19  12 
3-4--14+  15+-37+++  6+-45++ 
* Tests at 6,  12,  19, and 26 days. Figure indicates day on which largest number of reac- 
tions was maximal. 
DISCUSSION 
The disease produced in the rabbit and guinea pig by injection of incom- 
pletely neutralized mixtures of diphtheria toxin and antitoxin can properly be 
described as a progressive, symmetrical, ataxic paresis. The fundamental lesion 
is a  primary demyelination limited to the peripheral nervous system and un- 
accompanied by axis cylinder damage or signs of inflammation. The distribu- 
tion of the lesions in the peripheral nervous system is, however, quite different 
in the two species. The disease in the rabbit is limited to the sensory ganglia 
and the immediately adjacent portions of the spinal roots and nerves, while 
in the guinea pig it affects largely the peripheral nerves, the roots and ganglia 
remaining  unaffected except in  the  most  severe cases.  The lesions found in 
human beings dying with diphtheritic neuritis have been described by Veith 
(2) and by Scheid and Peters (4) and more recently by Fisher and Adams (5). 
Here too  the disease  involves only the  peripheral nervous system and  con- 
sists of demyelination with little or no axis cylinder damage. The collections 
of lymphocytes and plasma cells seen in the nervous parenchyma in some hu- 606  DIPHTHERITIC  POLYNEURITIS.  I 
man cases may be interpreted as late or secondary changes. The distribution 
of the lesions in man appears to resemble that in the rabbit more closely than 
that in the guinea pig, though some lesions of the peripheral nerves are found 
in addition to the major involvement of the ganglia and adjacent regions of 
the  sensory and motor roots.  Thus  the  rabbit  provides  a  very satisfactory 
model for the study of this human disease. The spinal fluid change in rabbits 
with diphtheritic neuritis, a mild "albumino-cytologic dissociation," sometimes 
present even in animals not showing symptoms, is another feature closely re- 
sembling the human reaction (35, 36). 
The comparison of diphtheritic neuritis with experimental allergic neuritis 
(EAN)  which we have studied in  the rabbit  and  guinea pig,  indicates that 
these diseases differ in many details. The most important differences are those 
recognized histologically, namely that the former is a  non-inflammatory dis- 
ease and does not show a focal perivascular distribution like that of EAN. It 
is also readily distinguished on the basis of symptomatology and time course 
and at least in some cases by the degree of spinal fluid alteration.  In man, 
diphtheritic  neuritis  is  similarly set  apart  pathologically from  the  Landry- 
Guillain-Barr~ type of polyneuropathy by its non-inflammatory character. 
The  mechanism  of demyelination in  diphtheritic neuritis may be  of  sig- 
nificance for the understanding of demyelination in general and deserves in- 
vestigation as such. The experimental diphtheritic lesion appears to be a  rel- 
atively clear cut example of this process not associated with damage to other 
elements of the nervous tissue.  It is quite unlike Wallerian degeneration in 
which myelin breakdown is associated with destruction of the axis cylinder. 
The differences from EAN have been noted. Also it differs from the so called 
demyelinative lesions  produced  by  deficiencies  of  thiamin,  pyridoxine,  and 
pantothenic acid (37, 38) and those which accompany poisoning with organo- 
phosphorus compounds such as diisopropylfluorophosphate, and triorthocresyl 
phosphate  (39,  40),  which appear  to be associated with progressive, perhaps 
primary, breakdown of the axis cylinder and with changes in the nerve ceils. 
It seems highly unlikely that diphtheritic neuritis could be an immunologic 
(hypersensitive)  type  of  reaction.  This  conclusion  receives  support  from  a 
number of observations made in the present study. Perhaps the most impor- 
tant point of evidence is the fact that the lesion of diphtheritic neuritis is non- 
inflammatory. Each of the major recognized categories of hypersensitive reac- 
tion involves cellular infiltration (41):  the Arthus of polymorphonuclear cells 
and the delayed reactions of histiocytes, lymphocytes, and sometimes plasma 
cells.  Such infiltrations were notably lacking in this disease process.  Anaphy- 
laxis and the wheal and flare (local anaphylaxis), the only hypersensitive re- 
actions in which there may be no prominent cellular infiltration, are transient 
reactions which cannot be considered seriously in relation to the slowly pro- 
gressive diphtheritic lesion. There was no evidence of correlation of the disease B.  H.  WAKSMAN, R.  D.  ADAMS, AND  H.  C.  MANSMANN, JR.  607 
process with any circulating antibody or skin reaction, either directed at the 
injected materials (toxin, horse serum) or at the animal's own nervous tissue. 
We did not investigate the possibility that antibody or skin reactivity might 
be present against nervous tissue altered by the effects of toxin. However, the 
other data, taken as a whole, leave little possibility that such a reaction might 
have occurred. The neuritis was unaffected by a  dose of irradiation sufficient 
to suppress  antitoxin production, and presumably production of other anti- 
bodies as well,  for several weeks. This irradiation also resulted in a  partial 
suppression of the sensitization represented by the skin reactions to toxoid and 
nervous tissue observed in the present experiment. Circulating granulocyte and 
lymphocyte counts were reduced sufficiently by the dose of x-ray to interfere 
seriously with the expression of either Arthus or delayed types of sensitivity 
had they been present. There was no fall in the level of circulating comple- 
ment comparable to that which occurs in serum disease (31, 42).  Indeed, the 
total protein injected in the rabbits  in these experiments was less  than that 
required to produce serum disease by a  factor of approximately 107. Finally 
the clear cut difference between diphtheritic neuritis and EAN, which is an 
immunologic disease  of  the  peripheral  nervous  system,  argues  against  the 
likelihood that the diphtheritic lesions are immunologic. 
Certain observations reported in the literature are best understood in the 
light of this conclusion. It was reported by Ransom (12)  and later by other 
workers (43,  44)  that a  local paralysis might be produced by local injections 
of toxin. Paralysis can be repeatedly produced in  the same animal without 
evidence of intensification or acceleration of the response (17-19). These two 
pieces of evidence are more consistent with a direct action of the toxin on the 
nervous system than with an allergic response. As an amplification of the sec- 
ond point, it is of interest that paralysis can be prevented by administration 
of a sufficiently large dose of antitoxin within a few hours after a dose of toxin 
(1,  12,  22,  45).  Yet  toxin doses sufficient to produce paralysis repeatedly in 
guinea pigs,  hamsters, or chicks are too small to induce antitoxin formation 
which  can  protect  these  animals  (17).  Immunization with  doses  of  toxoid 
which give rise to a good antitoxin response prevents the disease (18, but see 
reference 22).  Yet by raising the dose of injected toxin, one may produce dis- 
ease even in the presence of circulating antitoxin (21). 
While the possibility cannot be ru]ed out that diphtheritic neuritis repre- 
sents an immunologic reaction of an unknown type, not associated with any 
of the phenomena we have measured and unaffected by irradiation, it seems 
justifiable to regard alternative hypotheses as more likely. In particular we 
must consider attentively the possibility that this lesion of the nervous system 
is produced by a  biochemical defect induced by toxin in the cells responsible 
for the maintenance of myelin, presumably the Schwann cells.  In our mate- 
rial we have examined the Schwann cells in an effort to recognize any change 608  DIPHTIIERITIC POLYN'EURITIS.  I 
which might be reflected in the nucleus, the only part of the cell which can be 
visualized with  conventional staining methods.  While we  did  not find any 
change, it is possible,  nevertheless, that the toxin acts in some unrecognized 
manner on one or more components of the Schwann cell cytoplasm. In attempt- 
ing to understand the nature of such an intracellular process,  it is helpful to 
consider  the  changes  induced by  diphtheria  toxin  in  other  tissues  (see  e.g. 
references 46,  47).  A large dose of toxin, 40 MLD,  may cause acute collapse 
and death in 12  hours with no specific  local tissue alterations, while a  mod- 
erate dose, 10 to 20 MLD, results in death in 20 to 24 hours with a circulatory 
disturbance  manifested by  foci of  tissue  necrosis  and  hemorrhage.  Smaller 
doses 1 to 5 MLD, produce disease of the adrenals, liver, and spleen usually 
accompanied by a  shock-like state, and resulting in death at 2  to  10  days. 
Single or repeated doses below 1 MLD cause nephrosis at about 10 days and 
late "secondary" and inflammatory changes. These late changes include the 
paralysis which is the subject of this paper and myocarditis which occurs at 
the same  time or somewhat earlier;  both may be  preceded by a  symptom- 
free interval. The changes in the liver, adrenals,  spleen,  and kidneys consist 
of cloudy swelling and fatty degeneration of parenchymal cells with later in- 
flammatory changes, the picture being complicated by vasodilatation, slowing 
of  the  blood stream,  and  frequent infarctions.  The  late  myocardial change 
has been well studied histologically; it consists of a  focal and diffuse degen- 
eration of muscle fibers (cloudy swelling,  fatty change, and hyalin degenera- 
tion) followed by interstitial infiltrations of cells and other secondary changes 
(48-50). While some authors have attributed the parenchymal changes in the 
various organs to the circulatory disturbance (46)  or to alterations in blood 
vessel permeability (31),  most have chosen to regard them as direct results of 
toxin action on liver, kidney tubule, or heart muscle cells. There seems to be 
no difficulty about regarding the focal and diffuse degeneration of myelin oc- 
curring in diphtheritic neuritis as a  process involving the Schwann cells com- 
parable to the cloudy swelling and fatty degeneration of these other types of 
cells.  Perhaps  the only fundamental difference is one of  tempo, which must 
depend on metabolic peculiarities of the particular cell. In view of our igno- 
rance of the nature of cloudy swelling,  the final solution of this question must 
depend on an adequate biochemical investigation of the effect of toxin at the 
cellular level. A good deal has already been accomplished in this direction. 
Until 1940, the major biochemical emphasis in the study of diphtheria was on the 
disturbance  of carbohydrate metabolism in the whole animal during acute intoxica- 
tion (see Holmes (52) for review). The findings included diabetic glucose and fructose 
tolerance  curves  with abnormal  levels  of  blood  glucose  (depending  on  the  toxin 
dose), failure of glycogen synthesis from glucose, lactate, etc., and resistance to the 
usual effects of insulin and adrenalin. Increased plasma non-protein nitrogen (mainly B.  It.  WAKSM.AN', R.  D.  ADA~S~ AND H.  C.  MANSMAN'N~ JR.  609 
urea)  and  changes in serum proteins  (positive Weltmann  test)  were also observed. 
Many of these changes were attributed  to early liver failure,  though they could be 
demonstrated in individual animals before the histological lesion of the liver became 
apparent. It was at first thought that they might be indirect consequences of adrenal 
damage by toxin, and much effort was expended on studies of the interrelationships 
of toxin, vitamin C, the adrenals, and the liver. Finally in vitro studies of liver slices 
by Holmes and his coworkers (53, 54)  showed that there was a  severe early impair- 
ment of liver function (glycogen synthesis from various precursors, urea formation) 
not  comparable  to  the  functional  changes  in  the  livers  of  adrenalectomized  ani- 
mals (55). 
Attempts  at  that  time  to identify a  more fundamental  biochemical defect were 
relatively unrewarding.  Dieckhoff reported  that a  variety of rabbit  tissues  showed 
an increase of respiration  at 2  to 3 days after toxin injections and a  later  decrease 
(56), and  that all such tissues  "tired"  faster in vitro  than normal tissues.  More re- 
cently, however, Zischka et al.  (57)  failed to find any important  early effect of in- 
toxication on respiratory activity of liver, kidney, brain, or heart (even with added 
ATP or the complete cyclophorase system and pyruvate), though like Holmes they 
observed abnormal lactate accumulation. Peters and Cunningham, in a very thorough 
investigation in 1941 (58),  using slices,  homogenates, and enzyme proparations with 
toxin in vitro,  failed  to demonstrate any effect on respiration,  glycolysis, a  variety 
of dehydrogenases,  oxidases,  phosphorylases,  and  nucleotidase  (see  also  Schlechter 
(59)). 
Pappenheimer  suggested  in  the  mid-forties  that  diphtheria  toxin  might  be  the 
protein moiety of the bacterial cytochrome b  and as such  might interfere with  the 
synthesis  or proper  functioning of mammalian  cytochrome b  or succinic dehydro- 
genase (60, 61). These enzymes are located in the mitochondria and form part of the 
so  called  succinoxidase  system.  Cloudy swelling  is  a  type  of  abnormality  closely 
bound up with mitochondrial function (57, 62). Support for Pappenheimer's concept 
was gained from the finding (63-65) that liver and kidney mitochondria are clumped 
and fragmented in diphtheria intoxication; a similar observation is reported with the 
use  of  a  histochemical  method  for staining  succinic  dehydrogenase  (66).  Pappen- 
heimer  and Williams  have since shown that in  the  Cecropia  pupa,  toxin  interferes 
with  stages  of development  requiring  the presence of the  cytochrome system and 
causes  degeneration  of muscles which contain cytochromes but not of those which 
do not (67).  Yet these same authors found no effect of toxin on cytochrome or suc- 
cinoxidase  activity  Of  tissues  from  susceptible  mammals  in  vitro  and  little  or  no 
effect after injection of toxin into the living animal. 
A new and fruitful avenue of investigation was opened with the finding of abnor- 
malities in the formation of high energy phosphate bonds in liver, kidney and skele- 
tal  muscle  of guinea pigs  which had  received  toxin  (68,  69).  Fonnesu  and  Severi 
have recently demonstrated uncoupling of oxidative phosphorylation in the livers of 
such  animals  (70)  and  have  speculated  that  "cloudy swelling  represents  the  mor- 
phological equivalent  of  the  uncoupling  between  oxidation  and  phosphorylation." 
No direct effect of toxin on any tissue in vitro has yet been demonstrated, however. 
Earlier tissue culture studies  (71)  involved fibroblasts and macrophages, which may 610  DIPHTHERITIC  POLYN-EURITIS.  I 
be insusceptible to toxin? It is impossible to review here findings with various lipides 
and heavy metals said  to prolong the life of intoxicated animals.  There is uncon- 
firmed  evidence  for decreased  uptake  of iron  into  cytochromes and  of decreased 
lipide synthesis in intoxicated heart muscle. 
Thus,  diphtheria  toxin appears  to affect oxidative phosphorylation in  one 
and probably several types of ceil. The presence of such an effect in the Schwann 
cell remains to be investigated. 
The  last  point  which  deserves  consideration here is  why  there  is  such  a 
striking localization of the toxin, as judged by the symptoms and the lesions, 
within the nervous system. One of the most noteworthy features of diphtheritic 
neuritis  is  that  the  central  nervous  system  is  completely spared.  This  ab- 
sence of lesions has frequently been attributed to inability of diphtheria toxin 
to cross the blood-brain barrier (72). Intracisternal injection of toxin results 
in  profound alterations  of behavior and  of nervous function and  finally in 
death  (44,  72).  In  a  current  investigation,  we  have  determined  that  these 
symptoms  are  referable to  a  diffuse demyelination involving  the  superficial 
portions of the cerebral and cerebellar cortex near the injection site unaccom- 
panied by any recognizable alteration elsewhere in  the nervous system. The 
lesions appear qualitatively comparable to the changes in the peripheral nerv- 
ous system in diphtheritic neuritis. In this case also  there  is  a  latent  period 
related to the dose of injected toxin; with high doses it may be as short as 
1 or 2  days.  In addition  to providing further evidence that  the lesions pro- 
duced by toxin cannot be attributed to an immunologic reaction, this finding 
strongly supports the concept that physiologic barriers may prevent the access 
of toxin to a  given region of the nervous system. This explanation may also 
apply  to the peripheral nervous system and account for some of the  differ- 
ences we have observed among rabbit, guinea pig,  and human, in the distri- 
bution  of diphtheritic  lesions.  The  use  of  trypan  blue  and  other  dyes  has 
shown that there is indeed a barrier in the peripheral nerve of the rabbit simi- 
lar to the blood-brain barrier of the central nervous system, whereas nothing 
comparable  is  found  in  the  guinea  pig's  peripheral  nerve  (73).  In  neither 
species does a barrier exist in the sensory ganglion. This line of investigation 
is being pursued in our laboratory. 
The  observation  in  the  present  study  that  rabbits  receiving  intravenous 
toxin-antitoxin mixtures developed skin reactions to toxoid deserves comment 
in view of the recent report of Uhr et al.  (74) that injection of such mixtures 
into guinea pigs produces typical skin reactivity of the delayed type. While 
our finding would seem superficially to agree with theirs, there are a number 
8  Lennox  and Kaplan have just reported (Fed. Proc. 1957, 16, 210) that certain parenchymal 
cells in tissue culture (rabbit or monkey kidney, Hela, HEP) are affected  by toxin. B.  tI.  WAKSM.AN,  R.  D.  ADAMS~ AND  II.  C.  M.ANSMANN,  JR..  611 
of interesting points of difference. The reactions in our rabbits  consisted of 
almost pure edema with a  faint erythema, maximal at 24 hours, and thus do 
not correspond to the classical description of the "delayed" response. As our 
sensitizing  antigen  mixture  was  given  intravenously  and  theirs  by  other 
routes,  the  intradermal  in  particular,  these  may well  be  entirely different 
types of response. There was insufficient circulating antibody at the time the 
rabbit  skin reactions were observed to account for a  reaction of the Arthus 
type. A decision as to just what kind of reactions these are must be deferred 
till they are investigated further. Uhr and his coworkers were able to obtain 
delayed reactions to toxoid in the complete absence of circulating antitoxin, 
while our  rabbits  developed vigorous antitoxin responses.  This  difference is 
perhaps  attributable  to  the  fact  that  they injected  completely neutralized 
toxin-antitoxin mixtures or washed precipitates, while we used mixtures con- 
taining excess  toxin. The significance of the reactions to rabbit nerve in our 
experiments is unknown at present. 
SUMMARY  AND  CONCLUSIONS 
Diphtheritic neuritis was produced in rabbits and guinea pigs by injection 
of  underneutralized  toxin-antitoxin mixtures.  The  disease  is  a  progressive, 
ataxic paresis related in severity to the dose of injected toxin-antitoxin. Cer- 
ebrospinal fluids of rabbits with this disease showed "albuminocytologic dis- 
sociation" similar to that found in the same disease in man. Histologically the 
disease is a  progressive demyelination of the peripheral nervous system, un- 
accompanied by axis cylinder damage or inflammation. It involves the spinal 
roots and sensory ganglia in the rabbit,  the peripheral nerves in the guinea 
pig.  Diphtheritic  neuritis  can  be  distinguished  from  experimental  allergic 
neuritis in the rabbit and guinea pig on both clinical and histological grounds. 
The rabbit  disease is however an excellent model of diphtheritic neuritis in 
man. 
In the animals with diphtheritic neuritis, studied in the present work, there 
was vigorous production of circulating antitoxin and infrequently complement- 
fixing antibody to horse  serum proteins.  No  antibody against rabbit  spinal 
cord or sciatic nerve was demonstrated. Skin reactivity to both rabbit nerve 
suspension and diphtheria toxoid was present at 1 to 2 weeks following inocu- 
lation  and reached  a  maximum well before  the peak  of antitoxin response. 
These reactions did not seem to be typical delayed reactions. No correlation 
existed between the development of diphtheritic polyneuritis and any of these 
immunologic events or the circulating complement level, either in time or in 
degree. Treatment of rabbits with 400 r  whole body irradiation 48 hours be- 
fore inoculation resulted in severe leukopenia lasting about 3 weeks, delay of 
antitoxin formation with considerable reduction of peak titers, and some de- 612  DIPHTHERITIC  POLYN'EURITIS.  I 
creased skin reactivity to toxoid. It had no effect on the disease process. It is 
concluded  that  diphtheritic  polyneuritis is  produced by a  non-immunologic 
mechanism, e.g., direct toxicity. 
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EXPLANATION OF PLATES 
PLATE 48 
Fro.  1.  Comparison of normal rabbit with one suffering  from moderately severe 
(q-q--q-q-q-) diphtheritic paralysis 16 days after inoculation with toxin-antitoxin. 
The hind legs are almost paralyzed and hypotonic and are permitted to remain in 
an unnatural posture. The neck, foreleg, and trunk muscles are also paretic.  Approx- 
imately 1/10 natural size. 
Fi~s. 2A and 2B. Myelin and axis cylinder stains of sections from the posterior root 
and the spinal  ganglion  of rabbit  7-67 with moderately severe (-b-b) diphtheritic 
neuritis of several weeks  standing.  In Fig.  2A,  segments of the myelin sheaths of 
several fibers have either disappeared or have disintegrated into amorphous granular 
masses. Note fiber marked by arrows with a bare segment of faintly visible neurilemma 
and  axone. Osmic  acid.  ×  417.In Fig. 2B,nearlyall the axis cylinders are seen to be 
intact.  The many oval nuclei  with prominent nuclear chromatin between the fibers 
are proliferating Schwann  cells. The cells in upper part of picture are spinal ganglion 
cells. Bodian stain.  X  324. TItE  JOURNAL  OF  EXPERIMENTAL  I~IEDICINE VOL. 105  PLATE  48 
:'Waksman  et al.: Diphtheritic polyneuritis) PLATE 49 
FIGS. 3A  to  3C.  Longitudinal and  cross-sections of posterior spinal roots of the 
same rabbit shown in Fig. 2. 
Fig. 3A. To  left of center  is a  large sensory nerve fiber whose myelin sheath  is 
swollen and fragmented into oval-shaped vacuoles. At least 2 other fibers on the left 
side  of  the  picture  have  undergone  similar  changes.  The  small,  dark  irregu- 
larly  shaped  nuclei  are  histiocytes  or  macrophages.  The  large oval nucleus  sur- 
rounded  by  dark  cytoplasm in  left upper  corner,  is  a  hyperplastic Schwann  cell. 
Hematoxylin and eosin stain.  ×  390. 
Fig. 3B. In this myelin and fat stain, parts of four fibers have degenerated; their 
myelin sheaths are fragmented and  the fine black granules are fat  droplets within 
macrophages. ORO-hematoxylin. X 390. 
Fig. 3C.  Cross-section to show the large number  of intact axis cylinders (central 
dots) surrounded by clear rings of myelin. A  few scattered fibers without axis cylin- 
ders are seen and their sheaths are surrounded by a  circle of dark cells. A few swol- 
len  axis  cylinders without  myelin  sheaths  are  also  seen.  Hematoxylin  and  eosin 
stain.  X  390. THE  ~OURNAL OF  EXPERIMENTAL  MEDICINE  VOL. 105  PLATE  49 
(Waksman el al.: Diphtheritic polyneuritis) PLATE 50 
FIG. 4.  Spinal ganglion and posterior  root  of  rabbit 9-38 (+ +  diphtheritic neu- 
ritis). Fig. 4A. Marchi stain to demonstrate degenerating myelin in form of granular 
masses  of  black  material.  Normal  myelin is  unstained.  The  spinal  ganglion cells 
are seen as large roundish gray bodies.  X238.  Fig. 4B.  Axis cylinder stain to  show 
integrity of majority of axones in a  severely diseased area of the root;  they appear 
as fine or coarse lines of uneven calibre. Fig. 4C shows an occasional beaded or broken 
axis cylinder. Glees silver stain.  X  428. THE  JOURNAL  OF  EXPERIMENTAL  MEDICINE  VOL.  105  PLATE  50 
(Waksman et al.: Diphtheritic polyneuritis) PLATE  51 
FIGS. 5A to 5C. Myelin, fat,  and axis cylinder stains  of spinal ganglion in  diph- 
theritic  neuritis.  Fig.  5A. Rabbit  1-2 (+4-4-  disease).  Some of  the myelin  sheaths 
between ganglion cells have been converted to a  granular debris. Osmic acid.  X  398. 
Figs. 5B and C. Rabbit 0 (4- 4- disease). In Fig. 5B, the degenerated myelin can be seen 
as fine black particles of fat in macrophages. Note large normal appearing ganglion 
cells  surrounded  by small  satellite  cells  (amphicytes).  ORO-hematoxylin stain.  X 
375. In Fig. 5C, all or nearly all the axis cylinders of the medulla of this same dam- 
aged ganglion are intact. Glees stain.  X  398. TIIE  JOURNAL  OF  EXPERIMENTAL  MEDICINE  VOL.  105  PLATE 51 
(Waksman et al. : Diphtheritic polyneuritis) PLATE  .52 
FIG. 6. Sciatic nerve of rabbit shown in Figs. 2 and 3. Nearly all of the medul- 
lated nerve fibers,  both large and small, are intact. They show normally a fine vac- 
uolated or herring bone pattern in myelin stains. In two fibers,  one near the bottom, 
the other near the top, degeneration of Wallerian type with alteration of myelin and 
production of ovoids is visible. ORO-hematoxylin stain.  X  425. "filE  JOURNAL  OF  EXPERIMENTAL  MEDICINE  VOL.  105  PLATE  52 
(Waksman et al. : Diphtheritic polyneuritis) PLATE 53 
FIGS. 7A and 7B.  Sciatic nerve of severely diseased (+ +  +)  guinea pig (No. 2-6). 
In both A  and B  the finely vacuolated pattern of normal myelin sheaths has been 
interrupted,  and  clear  swollen  or  dark  staining  fragments  of  myelin  are  visi- 
ble throughout the field. More than a third of the fibers appear to be involved. Loyez 
stain X  450. THE  JOURNAL  OF  EXPERIMENTAL  MEDICINE  VOL.  105  PLATE  53 
(Waksman et al.: Diphtheritic polyneuritis) PLATE 54 
FIGS.  8A  to  BE.  Osmic  acid  stain  of  severely  diseased  (+++)  sciatic nerve 
(guinea pig 2). Here the normal myelin has the appearance of a  solid cylinder. Ab- 
normal fibers are easily recognized by their disintegrated sheaths or by a  complete 
disappearance of the sheath (opposite arrow in Fig. 8E). Almost all the morphologi- 
cal variants of myelin breakdown shown  schematically in Text-fig.  1 can be easily 
recognized here. Note segmental nature of myelin degeneration.  X  425. THE  JOURNAL  OF  EXPERIMENTAL  MEDICINE  VOI_. 105  PLATF  54 
(Waksman et al.: Diphtheritic polyneuritis) PLATE 55 
FITS. 9A and 9B. Sciatic nerve of guinea pig 2-6. In Fig. 9A, of the approximately 
18  medullated fibers  shown,  only one,  near  the  center  of  the  field has  undergone 
extensive degeneration; but at least 3 other fibers show clear cut abnormalities, usu- 
ally appearing to involve the node of Ranvier. In Fig. 9B, only 1 of 10 or 11  fibers 
is severely affected. Oval shaped fragments of broken myelin are well seen and en- 
larged  Schwann  cells, endoneurial cells, and  histiocytes are visible. ElzhGlz bodies 
and  myelinoid, /~,  granules are  seen  within  the  Schwann  cytoplasm of  the  degen- 
erated fiber in Fig. 9B.  S, Schwann cell; f, endoneurial fibroblasts; h,  histiocyte. E 
and/z, Elzholz bodies and #  or myelinoid granules, R, node of Ranvier; o, ovoids of 
degenerating  myelin;  a,  adventitial  cells  about  a  small  perineurial  vessel.  ORO- 
hematoxylin. ×  390. TIIE  JOURNAL  OF  EXPERIMENTAL  MEDICINE  VOL. 105  PLATE  55 
(Waksman et al. : Diphtheritic polyneuritis) PLATE 56 
FIGS. 10A and 10B. Distal portion of the sciatic nerve of guinea pig 5-1  (+++ 
neuritis). Figs. 10A and B are photographs of the same fascicle  in adjacent sections 
of one paraffin block stained with the luxol fast blue-cresyl violet stain for  myelin 
and the Bodian stain for axis  cylinders. The relative sparing of axis cylinders in a 
severely diseased  area is well shown.  ×  450. THE  JOURNAL  OF  EXPERIMENTAL  MEDICINE  VOL.  105  PLATE  56 
(Waksman et  al. : Diphtheritic polyneuritis) PLATE 57 
F~G~. llA and  liB. Proximal part of  the brachial nerve in the same guinea pig 
shown ia Fig.  10  (5-1).  More than half the medullated fibers  in Fig.  llA have de- 
generated and many histiocyte or macrophage nuclei are seen. Proliferating Schwann 
cells  are  rare.  ORO-hematoxylin.  X  450.  In Fig.  lIB, a  photograph  of  the  same 
region in  an  adjacent section,  almost  all  the  axis cylinders appear  normal.  Glees 
silver stain.  X 450. THE  JOURNAL  OF  EXPERIMENTAL  MEDICINE  VOL.  105  PLATE  57 
(Waksman et a/.: Diphtheritic polyneuritis) 